INTRODUCTION
Ageing (or senescence) is a decline in physiological functioning with age accompanied by a decrease in reproductive performance and an increase in mortality rate (Rose 1991) . Energy metabolism has been a key issue for understanding the enigma of how we age, ever since the 'rate of living' theory was proposed (Pearl 1928) . This theory proposed that the rate of ageing and life expectancy were determined by the rate of energy metabolism. This proposition had got a mechanistic explanation by the 'free radical/oxidative stress' theory ( Harman 1956; Beckman & Ames 1998) , which proposes that ageing results from the accumulation of damage caused by reactive oxygen species ( ROS) and other free radicals. The free radical/oxidative stress theory receives much support (Beckman & Ames 1998; Finkel & Holbrook 2000) . However, the relationship between energy metabolism and ageing is more complex than previously thought (Speakman 2005; Selman et al. 2008) , depending, for example, on the relationship between ROS production and energy turnover (e.g. Speakman et al. 2004 ) and the counteractive effects of antioxidant mechanisms (Beckman & Ames 1998) .
Energy metabolism itself may also be subject to age-related changes ( Navarro & Boveris 2007) , but little is known about this. Basal metabolic rate (BMR) or resting metabolic rate declines with age in humans (Roberts & Rosenberg 2006) as well as in rats (e.g. Even et al. 2001) , dogs (Speakman et al. 2003) and some species of birds (Broggi et al. 2007) . However, other studies on birds, naked mole rats and mice did not report any age-related decline in BMR (see references in Moe et al. 2007) . Most of these studies are cross-sectional, which confounds estimates of within-individual changes when there is disproportionate mortality (also known as 'selective disappearance'). Disproportionate mortality occurs, for example, when BMR is related to mortality as recently reported for humans (Ruggiero et al. 2008) . We therefore performed a longitudinal study of captive zebra finches (Taeniopygia guttata), repeatedly measuring BMR of individual birds up to 5 years of age. Zebra finches can live up to 5 years in the wild (Zann 1996) , and the oldest individuals in our captive population are 8 years old (C. Bech, B. Rønning and B. Moe 2008, unpublished data) . Thus, the study covered a substantial part of their maximum lifespan. We applied a recently introduced statistical model (van de Pol & Verhulst 2006) to investigate whether BMR changed with age within individuals and whether it was related to mortality (Ruggiero et al. 2008) .
MATERIAL AND METHODS
We studied captive zebra finches T. guttata Vieillot (nZ46) hatched in 2001. Housing conditions are described in Rønning et al. (2005) , as this study used the same subjects. In September-December 2002 and October-December 2005, the birds were paired and allowed to breed in small cages.
BMR was measured as O 2 consumption rate using open flowthrough respirometry in metabolic chambers of 1.5 l (flow rate: 400 ml min
K1
). Measurements were made during the night in the dark at 358C, within the thermoneutral zone (Calder 1964; see Rønning et al. (2005) for details). BMR was measured when the birds were 1, 3 and 5 years of age, always at least four months after breeding. The BMR measurements at age 1 and 3 are part of the data published in Rønning et al. (2005) , but in the present study we only used the first measurement at each age. Hence, the analysis includes only one measurement per individual for each age. Sample sizes declined with age due to mortality, and were 46 (age 1), 37 (age 3) and 25 (age 5) birds.
Data were analysed using mixed linear models using JMP v. 7.0.1 (SAS Institute), following van de Pol & Verhulst (2006) . In short, individual bird was included as a random effect, and age was represented by two terms: age and age at last measurement. The latter term estimates the level of disproportionate mortality and was retained in all models to yield an unbiased estimate of the withinindividual effects. BMR and body mass were log transformed prior to analyses to ensure linearity.
RESULTS
BMR not controlled for body mass decreased with age and was higher in females (table 1a) . Age at last measurement was not significant, indicating that there was no disproportionate mortality with respect to BMR. The age effect on BMR differed significantly between the sexes (sex!age interaction added to model in table 1a: F 1,60 Z9.95, pZ0.0025; figure 1a ). Age and BMR correlated in females (slope: K0.011G0.003; F 1,29 Z17.22, p!0.001), but not in males (slope: K0.00004G0.003; F 1,30 !0.01, pZ0.99), and thus females caused the overall effect when body mass was not controlled for (figure 1a).
Changes in metabolic rate can be due to changes in body mass. Male mass increased with age (F 1,30 Z 19.4, p!0.001; figure 1b), and when controlling for the effect of mass, male BMR declined significantly with age (table 1b). The age effect on female BMR was independent of mass (table 1c), since female mass was independent of age (F 1,29 Z0.15, pZ0.7; figure 1b). In neither sex was there a significant interaction between age and mass ( pO0.25) with respect to BMR.
We pooled the data of the two sexes to verify whether the age effect differed between the sexes when mass was controlled for. When added to a model containing mass, sex and age, the interaction between age and sex did not quite reach significance (F 1,59 Z3.19, p!0.08; figure 2c ). When omitting the interaction, the effect of sex remained significant, with BMR being on average 0.027 (s.e.Z0.006) log units higher in females (F 1,60 Z18.2, p!0.001).
DISCUSSION
When studying age effects, longitudinal data make it possible to avoid biases caused by disproportionate mortality. Longitudinal studies of BMR over multiple years have been carried out in humans (e.g. Keys et al. 1973; Ruggiero et al. 2008 ) and rhesus monkeys (Raman et al. 2007 ). Using longitudinal data covering Metabolic ageing in zebra finches B. Moe et al. 87 a large proportion of the animals' lives, we show for the first time that BMR decreased with age in individual birds. BMR declined with age in both sexes, but in males this was masked by an increase in body mass with age. There was no evidence for disproportionate mortality of individuals with high or low BMR. This contrasts to a recent study, which shows that high BMR in humans is related to higher mortality (Ruggiero et al. 2008) . However, not all birds have died yet in our study, and it cannot be ruled out that there is an effect that we could not yet detect with the available sample size.
Metabolic ageing, an age-related decline in the ability of an organism to sustain a homeostatic metabolic rate, has now been demonstrated in several species, but it is not yet clear why or how metabolic ageing occurs. On the mechanistic level, it is suggested that BMR declines with age because the mass of metabolically active tissue as well as their mass-specific metabolic activity declines with age (e.g. Even et al. 2001; Roberts & Rosenberg 2006 ). The latter is also supported by the finding that tissue of aged rats shows a decreased capacity to produce ATP by oxidative phosphorylation ( Navarro & Boveris 2007) . The present study highlights the benefits of using longitudinal data, but we acknowledge that cross-sectional studies with invasive tissue sampling are still needed for the mechanistic understanding of energy metabolism and the ageing process. On another level, metabolic ageing may be an adjustment to reduced ability to withstand oxidative stress. Old individuals could theoretically benefit from lowering ROS production by lowering their BMR. However, ROS production can be modulated independent of energy metabolism (Barja 2007) , so it is highly questionable whether low BMR is a strategy for low ROS production in old individuals.
Many bird species are long lived for their body sizes and are assumed to be relatively resistant to oxidative stress (Holmes & Ottinger 2003; Moe et al. 2007) . The zebra finch, however, has a fast life history with short generation time and lifespan. The metabolic ageing we observed contrasts to the lack of age effect on BMR in long-lived snow petrels (Moe et al. 2007 ). The latter study was cross-sectional and that could potentially explain some of the difference. However, we think that the contrasted results are in line with the idea that the rate of ageing correlates with the ranking on the fast-slow life-history continuum ( Jones et al. 2008) . It is also in line with the 'disposable soma theory'. Short-lived species with a fast life history and high extrinsic mortality (e.g. from predation, contagious disease, starvation, weatherrelated stress) are expected to invest less in mechanisms for somatic maintenance and repair, compared with long-lived species (Kirkwood & Rose 1991; Moe et al. 2007) . The ageing process is therefore expected to be faster in these species. In this perspective, the BMR-age relationship may reflect the degree of investment in somatic maintenance and repair (Speakman et al. 2003; Moe et al. 2007 ). The comparative evolutionary explanations for metabolic ageing, as well as the mechanistic explanations, clearly deserve further study.
